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Zinc fingers are recognized as small protein domains
that bind to specific DNA sequences. Recently however,
zinc fingers from a number of proteins, in particular the
GATA family of transcription factors, have also been
implicated in specific protein-protein interactions. The
erythroid protein GATA-1 contains two zinc fingers: the
C-finger, which is sufficient for sequence-specific DNA-
binding, and the N-finger, which appears both to modu-
late DNA-binding and to interact with other transcrip-
tion factors. We have expressed and purified the
N-finger domain and investigated its involvement in the
self-association of GATA-1. We demonstrate that this do-
main does not homodimerize but instead makes inter-
molecular contacts with the C-finger, suggesting that
GATA dimers are maintained by reciprocal N-finger–C-
finger contacts. Deletion analysis identifies a 25-residue
region, C-terminal to the core N-finger domain, that is
sufficient for interaction with intact GATA-1. A similar
subdomain exists C-terminal to the C-finger, and we
show that self-association is substantially reduced when
both subdomains are disrupted by mutation. Moreover,
mutations that impair GATA-1 self-association also in-
terfere with its ability to activate transcription in trans-
fection studies.
The transcription factor GATA-1 recognizes WGATAR motifs
(where W represents A/T and R represents A/G), which are
found in the control regions of the vast majority of erythroid
genes (for reviews see Refs. 1 and 2). In particular, GATA-1
binds to elements within both the promoters and the locus
control regions of the a- and b-globin-like genes, and it has
been proposed that it may be involved in communication be-
tween these distant enhancer-like elements and the globin
promoters (3–5). The biological importance of GATA-1 has been
demonstrated by knockout experiments in mice, which showed
that it is strictly required for erythroid cell development (6, 7).
Other members of the GATA family, such as GATA-2 and -3,
also play essential roles in the hematopoietic system (8–10),
and more distantly related members are important in other
tissues and in organisms ranging from yeast to mammals (Ref.
11 and references therein).
The GATA-1 protein contains two adjacent zinc finger do-
mains, encoded by successive exons (12–14). We refer to these
fingers as the N-terminal finger, or N-finger (NF)1 and the
C-terminal finger, or C-finger (CF), according to their relative
positions in the protein. The two domains each contain four
cysteines and are about 50% identical in amino acid sequence
(Fig. 1). The CF, together with a C-terminal extension (encoded
in the next exon), has been shown to be both necessary and
sufficient for the recognition of WGATAR motifs (15, 16). In
contrast, the exact role of the NF has proved more difficult to
define. Early studies, focusing on GATA-1’s ability to transac-
tivate promoters in nonerythroid cells, indicated that the NF
was not essential (15). However, more physiologically relevant
experiments investigating GATA-1’s ability to induce erythroid
maturation have revealed a critical role for this finger (17).
While the NF of GATA-1 cannot bind DNA in isolation (un-
like the NFs of GATA-2 and -3; Ref. 18), it does play a role in
DNA binding. Biochemical studies have demonstrated that the
NF increases the stability of GATA-1-DNA complexes (15),
influences the specificity of binding (19), and is instrumental in
the recognition of double WGATAR motifs, which occur in a
number of important erythroid promoters (including GATA-1’s
own promoter) (20, 21). The GATA double zinc finger domain is
also implicated in specific protein-protein interactions; it has
been shown to mediate the formation of complexes with Fog
(22), Sp1, and EKLF (23) and is implicated in GATA self-
association (24–28). It is known that only the NF (and not the
CF) is required for formation of the complex with Fog, whereas
in the cases of Sp1, EKLF, and the self-association of GATA-1,
both the NF and the CF are implicated. It is also likely that the
NF plays a role in GATA-1’s interaction with the LIM domain
protein RBTN2/LMO2 (29), although in this case the specific
contributions of the NF and the CF have not been delineated.
The structure of the CF bound to DNA has been determined
using NMR spectroscopy (16), but relatively little is known
about the NF. In the present work, we have expressed and
purified the NF domain, characterized its metal-dependent
folding properties, and investigated its role in GATA-1 self-
association. We show that it does not homodimerize in isolation
but instead mediates GATA-1 self-association by interacting
with the CF. We identify a minimal 25-amino acid subdomain
that is able to interact with intact GATA-1. This subdomain,
which we refer to as the NF-tail, lies immediately downstream
of the core zinc-binding region of the NF and contains an
Asn-Arg-Pro-Leu motif followed by a short basic stretch. An
analogous subdomain is contained in the CF and has previ-
ously been implicated in GATA-1 homodimerization (26). We
show that when either subdomain is disrupted by mutation,
the self-association is reduced. We have also tested the effect of
these mutations on the ability of GATA-1 to activate transcrip-
tion from single GATA and multi-GATA site promoters. In both
cases, mutations that interfere with self-association reduce the
ability of GATA-1 to activate transcription, but the effect is
more dramatic on multi-GATA site promoters. These results
suggest that the ability of GATA factors to self-associate may
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play an important role in the regulation of genes containing
multiple GATA sites.
MATERIALS AND METHODS
Plasmids, Oligonucleotides, and Mutagenesis—The region encom-
passing exon 4 of murine GATA-1 (nucleotides 656–843, GenBankTM
X15763) and encoding the entire NF domain (NF200–254) was ampli-
fied by polymerase chain reaction using the primers MC287 (CGTG-
GATCCGAGGCCAGAGAGTGTGTGA) and MC288 (CAGGAATTCAT-
GCCCGTTTGCTGACAATCA). The resulting fragment was cut with
BamHI and EcoRI and cloned into pGEX-2T (Amersham Pharmacia
Biotech), thereby creating in frame fusions with the glutathione S-
transferase gene. C-terminal truncation mutants NF200–248 and
NF200–243 were similarly constructed with the primers MC287 and
A17 (CAGGAATTCACATTCGCTTCTTGGGCCGGA) or A18 (CAG-
GAATTCACCGGATGAGAGGCCGGTTCT), respectively. The N-termi-
nal truncation mutants NF224–254, NF224–248, and NF224–243 were
likewise constructed using the 59-primer A82 (CGGGATCCCTGTG-
CAATGCCTGTGGCT) and MC288, A17, or A18, respectively. Mutation
of Cys204 to Ala was achieved by amplification with primers A10 (CGT-
GGATCCGCCATGGAGGCCAGAGAGGCTGTGAAC) and MC288.
Pro2133 Thr was generated by overlap polymerase chain reaction. The
two initial reactions used MC287 and A21 (CCGCCACAGTGTAG-
TAGCCGTTGC) and A20 (GCAACGGCTACTACACTGTGGCGG) and
MC288. The specific bands were purified, and a second polymerase
chain reaction was carried out with primers MC287 and MC288. Se-
quencing was carried out to verify the mutagenesis.
Preparation of Recombinant N-finger Fragments and Fusion Pro-
teins—Escherichia coli BL21 (DE3) bacteria were transformed with the
recombinant plasmid and propagated in order to produce recombinant
material. Typically, 4 liters of culture were grown at 37 °C to an A600 of
around 0.6, at which time expression of the GST-NF fusion proteins was
induced by the addition of isopropyl-b-D-thiogalactoside to a final con-
centration of 0.1 mM. After 3–5 h of incubation, the bacteria were
harvested by centrifugation, washed twice with a buffer containing
protease inhibitors, and then frozen at 280 °C. For the NF200–248
used in the biophysical studies, the following purification protocol was
carried out. The cell pellet was thawed, sonicated (2–4 3 30-s bursts),
and centrifuged (15,000 rpm, 4 °C, 30 min), and the soluble fraction was
retained. This fraction was passed down 4 3 10-ml glutathione-agarose
columns. The columns were washed, and then the fusion protein was
released from the columns by the addition of thrombin (100 units) to
each column. The eluate was collected and lyophilized. It was then
resuspended in water and subjected to reverse phase HPLC on a semi-
preparative Vydac C18 column. The major absorbance peaks (A280) were
collected, and samples were then identified using positive ion electro-
spray mass spectrometry. In addition to the expected signal (Mobs 5
5,832 6 1 Da, Mcalc 5 5,831.8 Da), a second signal (;5% of total peptide)
was occasionally observed with Mobs 5 5,416 6 1 Da. This corresponds
to a peptide truncated after Lys245 (Mcalc 5 5416.3 Da), generated by
secondary thrombin digestion. It is clear from two-dimensional NMR
studies2 that this truncation has no effect on the biophysical behavior of
the NF200–248 monomer, and the peptide was therefore not further
purified. All peptides prepared by thrombin cleavage have an additional
Gly-Ser dipeptide at the N terminus, derived from the thrombin cleav-
age site in pGEX-2T. Full-length recombinant GATA-1 was expressed
from the bacterial expression vector pET3a/GATA-1 in BL21 bacteria
(30) or in COS cells as described previously (26).
Circular Dichroism Spectropolarimetry—CD spectra were recorded
on a Jasco J-720 spectropolarimeter using a 1-mm quartz cuvette.
NF200–248 (25 mM) was dissolved in a buffer containing Tris (10 mM)
and tris(2-carboxyethyl)phosphine (TCEP, 250 mM) at pH 8.0. ZnCl2 or
CoCl2 were made up in water at a concentration of 20 mM. CD spectra
of NF200–248 (190–260 nm) were recorded following the addition of
successive 5-mM aliquots of Zn21 or Co21. The final spectrum in each
case is the sum of five separate spectra with a step size of 0.5 nm, a 1-s
response time, and a 1-nm bandwidth. Data were acquired at 20 °C and
were base line-corrected by subtraction of the Tris/TCEP buffer.
UV-visible Spectrophotometry—Samples of NF200–248 and Co21
were prepared as for CD spectropolarimetry. UV and visible absorption
spectra (250–500 nm and 500–800 nm, respectively) were recorded on
a Cary 3 double-beam spectrophotometer using 1-cm cells. Co21 was
titrated into both the sample cell and the reference cell (the latter
containing the Tris/TCEP buffer only) in 5-mM aliquots. Data were
recorded at a speed of 100 nm min21 with a signal averaging time of
0.1 s.
Sedimentation Equilibrium—The self-association of NF200–248 was
investigated by sedimentation equilibrium methods on a Beckman Op-
tima XL-A analytical ultracentrifuge. Experiments were carried out at
loading concentrations of 96, 32, and 9.6 mM, using a An-60ti rotor
spinning at 42,000, 52,000, or 56,000 rpm and at a temperature of
20 °C. NF200–248 samples were made up as solutions in 10 mM Tris, 2
mM TCEP, and 1.1 molar equivalents of ZnCl2; the pH was held initially
at 8.5 for the addition of the Zn21 and then reduced to 5.3. A CD
spectrum of the sample was recorded prior to the sedimentation equi-
librium experiment to ensure that the peptide was folded; this spectrum
was identical to that shown in Fig. 2A (dotted line). Sedimentation
equilibrium data were collected in a double sector cell as absorbance
versus radius scans (0.001-cm increments). Scans were collected at 4-h
intervals and compared to ensure that the sample reached equilibrium.
Analysis of the data was carried out using the NONLIN software (31),
and the final parameters were determined by a nonlinear least squares
fit of the data to a model incorporating a single, nonassociating species.
The goodness of fit was determined by examination of the residuals
derived from the fit. The partial specific volume of NF200–248 (0.726
ml g21) was determined from the amino acid sequence (32), and the
solvent density was taken to be 1.00 g ml21.
NMR Spectroscopy—One-dimensional 1H NMR spectra were re-
corded on a Bruker AMX-600 spectrometer at 15 °C and consisted of 64
scans collected as 8192 data points over a spectral width of 7200 Hz.
Suppression of the water resonance was carried out using presaturation
during the relaxation delay between scans. NF200–248 (2.7 mg) was
dissolved in H2O/D2O (95:5, 0.5 ml) containing Tris-d11 (10 mM), giving
a peptide concentration of 1.7 mM. The pH was adjusted to 5.5, and a
one-dimensional 1H NMR spectrum was recorded. A second sample was
prepared containing NF200–248 (2.7 mg), Tris-d11 (10 mM), and TCEP
(2 mM). The pH of this sample was raised to 8.5, 1.1 molar equivalents
of ZnCl2 were added, the pH was lowered again to 5.5, and a
1H
spectrum was recorded.
GST Pull-down Experiments with Full-length GATA-1 and Pep-
tides—GST-NF fusion proteins and mutant derivatives were prepared
as above except that proteins were not released from the GSH affinity
column. Typically, 2 ml of GSH beads containing 1 mg of fusion protein
were used in these experiments. Experiments using in vitro translated
35S-labeled GATA-1 were carried out as described previously except
that 0.5% rather than 0.2% Nonidet P-40 was used in the buffers (23,
26). Experiments with recombinant GATA-1 were carried out as fol-
lows. 10 ml of crude bacterial extract containing recombinant GATA-1
was incubated at 4 °C with 2 ml of beads containing the GST-NF fusion
proteins. After 20 min, the beads were collected by centrifugation and
washed five times with binding buffer containing Tris (50 mM), NaCl (50
mM), b-mercaptoethanol (1 mM), bovine serum albumin (0.5 mg ml21),
Nonidet P-40 (0.5%), and ZnSO4 (100 mM). The bound material was then
released by boiling in SDS loading buffer and subjected to electrophore-
sis and Western blotting. The presence of retained full-length GATA-1
was detected using the rat monoclonal N6 antibody and a secondary
alkaline phosphatase-conjugated goat anti-rat antibody. The presence
of alkaline phosphatase was revealed using nitro blue tetrazolium/5-
bromo-1-chloro-3-indolyl phosphate (Promega) according to the manu-
facturer’s instructions.
GST-CF249–318 was prepared as above but not released from the
GSH affinity column by thrombin cleavage. Typically, 10 ml of beads
containing around 2 mg of fusion protein was used in these experiments.
HPLC-purified NF peptides were dissolved in Tris (50 mM), NaCl (50
mM), TCEP (100 mM), and either ZnSO4 (100 mM) or EDTA (10 mM) and
incubated with the GST-CF249–318 beads for 30 min at 25 °C. The
beads were then washed three times with a buffer containing Tris (50
mM), NaCl (50 mM), TCEP (100 mM), bovine serum albumin (0.5 mg
ml21), Nonidet P-40 (0.5%), and either ZnSO4 (100 mM) or EDTA (10
mM) as appropriate and were then washed a further three times with
the same buffer lacking the bovine serum albumin and Nonidet P-40.
The bound material was then released by boiling in SDS loading buffer
and subjected to electrophoresis and Coomassie staining.
Gel Retardation Experiments—Gel retardation assays were carried
out essentially as described by Crossley et al. (26). The oligonucleotides
used in the gel retardation experiment contained the sequences MC71
(GATCTCCGGCAACTGATAAGGATTCCCTG) and MC72 (CAGG-
GAATCCTTATCAGTTGCCGGAGATC). 10 mg of COS nuclear extract
containing recombinant GATA-1 was mixed with 0.1 ng of 32P-radiola-
beled probe in a total volume of 20 ml of 10 mM Hepes, pH 7.8, 50 mM
KCl, 5 mM MgCl2, 1 mM EDTA, and 5% glycerol. After a 10-min incu-
bation on ice, the samples were loaded onto a 6% native polyacrylamide
gel and subjected to electrophoresis at 4 °C. The gels were then dried2 J. P. Mackay and M. Crossley, unpublished results.
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and subjected to autoradiography. The anti-GATA-1 antibody used was
N6 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Transfection Studies—Transactivations were carried out as previ-
ously reported (15). NIH3T3 cells were transfected with 2 mg of reporter
plasmids and increasing amounts of GATA-1 expression vector as
shown. The reporter plasmids contained minimal promoters with either
one (M1a) or six (M6a) GATA sites upstream of a b-globin TATA box
and growth hormone reporter gene. The GATA-1 expression plasmids
contained normal or mutant murine GATA-1 cDNA inserted between
the HindIII and NotI sites of RcCMV (Invitrogen). Growth hormone
levels were measured 48 h after transfection using the Allegro kit from
the Nichols Institute.
RESULTS
The Folding of the N-finger Is Metal-dependent—A peptide
containing amino acids 200–248 of the N-finger was initially
chosen for characterization and is referred to as NF200–248
(for numbering, see Fig. 1). In the absence of metal, NF200–
248 exhibits both CD and one-dimensional 1H NMR spectra
(Fig. 2A, solid line, and Fig. 2B, upper part, respectively) char-
acteristic of an unfolded peptide; viz. the CD spectrum displays
a pronounced minimum below 200 nm, while the resonances in
the 1H NMR spectrum are sharp and poorly dispersed. The
addition of one molar equivalent of Zn21 induces substantial
changes in both cases, consistent with the formation of persis-
tent secondary structure. The red shift of the minimum in the
CD spectrum to 208 nm (Fig. 2A, dotted line) is diagnostic of the
presence of a-helical secondary structure, and the wide chem-
ical shift dispersion in the NMR spectrum (Fig. 2B, lower part)
is suggestive of a folded protein. The addition of more than one
molar equivalent of Zn21 had no further effect on the CD
spectrum (data not shown), establishing the stoichiometry of
the interaction as 1:1. The general features of the CD spectrum
are comparable with those observed previously for folded zinc
finger peptides (see, for example, Refs. 33 and 34) and are
indicative of a mixture of a and b secondary structure. Com-
parable spectra were observed for the constructs NF200–254
and NF200–243, consistent with those peptides folding in the
same fashion.
The addition of Co21 to NF200–248 induced a similar change
in the CD spectrum (Fig. 2A, dashed line), indicating that the
peptide folds similarly around the two metals. Consequently,
changes observed in the ultraviolet (UV) and visible (vis) ab-
sorption spectra of NF200–248 following the addition of Co21
were also used to probe both the nature and the geometry of the
metal-peptide complex (note that the electronic configuration of
Zn21 precludes the observation of useful UV-vis spectra for this
metal). The S3 Co charge transfer bands observed at 310 and
370 nm in a UV-vis titration of NF200–248 with CoCl2 (Fig.
3A) are suggestive of cysteinate ligation (33, 34). In the visible
region of the spectrum (Fig. 3B), intense d-d transition bands
at 610, 700, and 740 nm (e.g. e740 ; 600 M
21 cm21) clearly show
that the coordination mode is tetrahedral (35); i.e. because d-d
transitions in tetrahedral complexes are formally allowed, mo-
lar extinction coefficients are typically greater than ;200 M21
cm21, while in octahedral complexes, for example, such tran-
sitions are formally forbidden, resulting in values for e of ;10
M21 cm21 (36). Further, the wavelengths of the d–d transitions
argue for a Cys4 coordination sphere. The presence of nitrogen
ligands in Cys2His2 zinc fingers causes a substantial increase
in the d–d energy gap compared with an all-sulfur coordination
sphere (37), and in such complexes d–d bands are typically
observed in the 600–650-nm region (see, for example, Refs. 33
and 34). Moreover, the shape of the binding curve (Fig. 3A,
inset) suggests that the association constant for Co21 binding is
greater than ;108 M21, which is substantially stronger than for
interactions between Co21 and Cys2His2 fingers (38). These
conclusions are consistent with the configuration deduced in
the solution structure of the CF of chicken GATA-1 (16), where
the four homologous Cys residues are inferred from NMR data
to coordinate the zinc in a tetrahedral arrangement.
FIG. 1. Amino acid sequences of the two zinc finger domains of murine GATA-1. Numbering is from the native protein, with 1
corresponding to the first methionine. The region between the four cysteines involved in binding zinc is underlined (and referred to as the “core”);
the remaining region contains the tail and is overlined. The positions corresponding to intron-exon boundaries are marked with arrows.
FIG. 2. A, CD spectrum of NF200–248 in the absence of metal (solid
line), with 1 eq of Zn21 added (dotted line), and with 1 eq of Co21 added
(dashed line). B, one-dimensional 1H NMR spectrum of NF200–248 in
the absence of zinc (upper part) and in the presence of 1.1 eq of Zn21
(lower part).
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The N-finger Can Interact with Full-length GATA-1—Having
established that the NF is capable of folding in the anticipated
fashion, we then focused on its ability to participate in protein-
protein interactions and sought to define its role in the self-
association of GATA-1. Previous experiments have focused on
the GATA-1 CF and have demonstrated that it plays a signif-
icant role in the self-association of GATA-1 (26), but it has also
been noted that the N-finger alone can mediate association
with full-length GATA-1. However, the relative importance of
the N-finger has not been studied in detail (26). We therefore
carried out GST pull-down experiments to compare the ability
of equal amounts of GST-NF200–254, GST-CF249–318, and
GST-GATA-1 (full-length) to retain full-length in vitro trans-
lated 35S-labeled GATA-1. These three fusion proteins retained
approximately equal amounts of GATA-1, while the control
protein, GST alone, did not retain GATA-1 (Fig. 4A). Taken
together with previous work on the CF, this result suggests
that the NF also plays a significant role in the self-association
of GATA-1.
Determination of a Minimal Region within the N-finger Do-
main That Is Involved in GATA-1 Self-association—In order to
eliminate the possibility of a bridging event, where a separate
mammalian protein present in reticulocyte lysates may inter-
act with two GATA-1 molecules simultaneously, we further
analyzed the binding of the N-finger to full-length GATA-1
using only recombinant proteins. Full-length recombinant
GATA-1 was produced in bacteria and mixed with glutathione-
agarose beads coated with GST-NF200–254. After extensive
washing, the proteins retained on the beads were then sub-
jected to electrophoresis and Western blotting to test for the
presence of retained full-length GATA-1. As can be seen from
Fig. 4B (lane 3), the GST-NF200–254 fusion was able to cap-
ture full-length GATA-1. In contrast, neither beads alone nor
beads loaded with GST retained GATA-1 protein. This result
confirms the previous result that the NF200–254 is able to
associate with GATA-1 (Fig. 4A and Ref. 26) and indicates that
it is a direct interaction.
The same GST pull-down assay was used to delineate the
critical portion of the NF involved in the interaction. We first
tested two deletion mutants: GST-NF200–48 and GST-
NF200–243. As can be seen in Fig. 4B (lanes 4 and 5), the
longer of the two constructs exhibited a substantially stronger
interaction with full-length GATA-1; formation of a GATA-1-
NF200–243 complex was only just detectable in the Western
blot. This result suggests that either residues in the 244–254
region (see Fig. 1) directly contribute to GATA-1 self-associa-
tion or that deletion of these residues has interfered with the
proper folding of the domain. However, both CD and one-
dimensional NMR experiments indicate that NF200–248 and
NF200–243 are able to fold in the same manner as NF200–254
(data not shown). In addition, we have recently completed the
NMR solution structure of NF200–243, demonstrating un-
equivocally that this subdomain is able to fold normally.3 We
3 J. P. Mackay, K. Kowalski, A. H. Fox, R. Czolij, G. F. King, and M.
Crossley, unpublished results.
FIG. 3. UV (A) and visible (B) spectra recorded during titration
of Co21 into NF200–248. Spectra are shown at Co21/peptide ratios of
0.0, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.6. A graph of the absorbance at 310 nm
versus [Co21] (mM) is shown as an inset in A to demonstrate the stoichi-
ometry of Zn21 binding.
FIG. 4. A, 35S-radiolabeled full-length GATA-1 is efficiently retained
by GST-NF200–254, GST-CF249–318, and GST-full-length GATA-1-
(1–413) fusion proteins but not by GST alone. The upper part shows a
lane containing 10% of input radiolabeled GATA-1 and the amounts
retained by the various GST proteins; the lower part shows the GST
fusion proteins and GST revealed by Coomassie staining. B, Western
blot showing the retention of full-length recombinant GATA-1 by puri-
fied GST-NF fusion proteins. The top part shows the blot probed with an
antibody that recognizes a C-terminal peptide of GATA-1. Again, under
these conditions approximately 10% of the input GATA-1 is retained
(data not shown); the lower part shows the GST and GST fusion pro-
teins revealed by Coomassie staining.
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therefore conclude that residues 244–254 play a direct role in
GATA-GATA associations.
We then turned our attention to the “core” zinc-binding por-
tion of the NF domain. It has previously been demonstrated
that mutation of the first of the four zinc-coordinating cysteines
in the CF zinc-binding region does not prevent self-association
of GATA-1 (26). We therefore tested whether an equivalent
mutation in the NF (Cys2043 Ala) affected the interaction. As
shown in Fig. 4B (lane 6), this mutation had no effect on the
interaction. Likewise, the mutation Pro2133 Thr had no effect
on the interaction (lane 7). Suspecting that the zinc-binding
region of this NF200–254 construct might not be strictly re-
quired for GATA-1 self-association, we next constructed a
smaller GST fusion protein (NF224–254), which lacked the
entire N-terminal half of the NF domain and tested its ability
to interact with full-length GATA-1. As shown in Fig. 4B (lane
8), this region was capable of mediating the interaction, albeit
less efficiently than the entire finger (NF200–254). This tail
region therefore plays a key role in GATA-1 self-association.
The deletion constructs NF224–248 and NF224–243 were also
tested. The former displayed a weaker, but still detectable,
interaction with GATA-1, while no interaction could be de-
tected in the case of the latter construct. This confirms the
substantial role played by residues 244–254 and demonstrates
that an intact zinc finger is not required in both halves of a
GATA-1 dimer for a high affinity interaction to take place. It is
also of note that a similar subdomain, identified as sufficient to
sequester GATA-1 in a GST pull-down assay, lies at the C-
terminal end of the CF (residues 278–318) (26). Both subdo-
mains contain a conserved Asn-Arg-Pro-Leu sequence followed
by a short stretch of basic amino acids, and we refer to these
regions as the NF-tail and CF-tail, respectively (see Fig. 1).
The N-finger Domain Does Not Self-associate—The results
above indicate that the NF is involved in GATA-1 self-associ-
ation, but they do not reveal the region within full-length
GATA-1 with which the NF makes contact. Previous work has
shown that GST-NF200–254 was able to capture either full-
length GATA-1 or a peptide containing residues 229–333 (i.e.
the critical NF-tail subdomain together with the entire CF; see
Fig. 1) (26). This result suggests that either the NF directly
homodimerizes (NF-NF) or it contacts the CF (NF-CF). Thus,
GATA-1 dimers may be held together by “parallel” NF-NF and
CF-CF contacts, or by an “antiparallel” NF-CF arrangement,
where the NF of one monomer interacts with the CF of the
second and vice versa. In order to shed light on the arrange-
ment, we first used sedimentation equilibrium methods to test
for an NF-NF interaction.
The reverse phase HPLC-purified NF200–248 peptide was
used for analytical ultracentrifugation. A CD spectrum of the
sample was recorded prior to the sedimentation experiments,
to ensure that the domain was properly folded. Concentration
versus radial distance profiles (Fig. 5) were obtained at three
different rotor speeds, and a global nonlinear least squares
analysis revealed that the data are well fitted by a simple
single-species model exhibiting ideal behavior and a molecular
mass of 6010 6 260 Da. This is in excellent agreement with the
theoretical mass of 5892 Da for this peptide bound to Zn21 and
indicates that the NF does not self-associate but rather is
present as a monomer in solution.
The N-finger Can Interact with the C-finger—The analytical
ultracentrifugation data demonstrate that GATA-1 self-associ-
ation does not involve an NF–NF interaction. We therefore
tested for an NF–CF interaction using GST pull-down assays.
Thus, we assayed immobilized GST-CF249–318 for its ability
to capture the NF200–248 peptide. As shown in Fig. 6 (lane 4),
GST-CF249–318 was able to retain NF200–248, while control
reactions showed that this peptide was not retained by either
beads alone or GST-loaded beads (not shown). Importantly, an
additional control lane showed that the shortened NF peptide
NF200–243, which has a reduced ability to capture full-length
GATA-1 (see above), was only marginally retained by GST-
CF249–318 (lane 5). Furthermore, GST-NF200–248 was un-
able to sequester NF200–248 from solution (data not shown),
in agreement with the sedimentation equilibrium data.
This method was also used to probe the dependence of
GATA-1 self-association on the presence of intact zinc finger
units. As mentioned above, it is known that specific Cys muta-
tions in either the NF (Fig. 4, lane 6) or the CF (26) do not
completely abolish GATA-GATA self-association, consistent
with the view that the NF- and CF-tails are major determi-
nants of the interaction. Thus, for instance, the interaction may
primarily involve NF-tail to CF-tail contacts. Alternatively, the
data in Fig. 4 are also consistent with the view that the inter-
action involves contacts between the NF-core and the CF-tail
and/or between the CF-core and the NF-tail. In order to test
whether core-finger to tail interactions are involved or alterna-
tively whether it is exclusively the tails that mediate self-
FIG. 5. Sedimentation equilibrium data for GN200–248 (96 mM)
at 52,000 rpm (15 °C). The lower graph is a plot of absorbance at 280
nm versus r2/2 (cm2), while the upper plot displays the residual devia-
tions resulting from the fit of an ideal, single species model to the data.
FIG. 6. Coomassie-stained polyacrylamide gel illustrating the
retention of NF200–248 (and to a much lesser extent NF200–243)
by CF249–318 and the dependence of the interaction on the
presence of Zn21 in the NF preparation.
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association, we repeated the GST pull-down experiment in the
absence of zinc. As shown in Fig. 6 (lanes 2 and 3), the absence
of zinc did indeed prevent the interaction between GST-
CF249–318 and the NF. This result suggests that a folded NF
is involved in GATA-1 self-association, consistent with a model
where the core finger regions from each monomer interact with
the tail regions in the dimerization partner.
Mutation of both N- and C-finger Tail Subdomains Abrogates
Self-association—While the above experiments assess the as-
sociation of GATA-1 molecules in the absence of DNA, contacts
between DNA-bound molecules of GATA-1 are of greater inter-
est, since these interactions are most likely to be involved in
establishing looped domains within chromatin. We therefore
used the gel retardation assay to test whether the subdomain
we had identified was essential for the self-association of DNA-
bound GATA-1. As shown both in Fig. 7 and in previous studies
(24, 26) where GATA-1 has been analyzed in vitro by gel retar-
dation experiments, the majority of the protein is detected
binding to DNA as monomers, while a small but consistent
proportion self-associates to form dimers. Both the monomer
and dimer band are indicated in Fig. 7, and the nonspecific
band, which is not affected by an anti-GATA-1 monoclonal
antibody, is marked by an asterisk.
In order to further characterize the role of the residues in the
tail regions of the NF and CF, we sought a mutation that would
disrupt the critical tail subdomain without compromising the
ability of GATA-1 to bind DNA. Since the deletion of residues
244–248 severely impaired the ability of the NF to interact
with full-length GATA-1 (see above), we first targeted these
residues. In order to preserve the spacing between the fingers,
we prepared a substitution mutant: Lys245-Lys246-Arg247 to
Met-Val-Ile. When this protein was tested in the gel retarda-
tion assay (Fig. 7, lanes 3 and 4), it was found to bind DNA
normally and to self-associate to form a homodimer, although
dimer formation was slightly reduced (duplicate samples are
shown in order to accentuate the subtle reduction in the inten-
sity of the dimer band). The failure of this mutation to com-
pletely abrogate self-association suggested that the previously
identified tail subdomain downstream of the C-finger (278–
318) might still be functional (possibly interacting with the
intact zinc-binding region of the NF). To test this possibility, we
prepared a second mutation, which disrupted the basic stretch
in CF-tail (Lys315–Lys316–Arg317 replaced by Ser); we also pre-
pared a third protein, which was a double mutant combining
both substitutions and thus disrupting both tail regions. As can
be seen in lanes 5 and 6, mutation of the basic region in the
CF-tail also reduced but did not abolish dimer formation. How-
ever, when both tail regions were mutated (lanes 7 and 8),
dimer formation was more severely impaired. This result is
consistent with the GST pull-down results, which indicate that
both tails are capable of mediating the interaction.
Transactivation by GATA-1 Is Impaired by Mutations That
Interfere with Self-association—We tested whether these mu-
tations influenced the ability of GATA-1 to activate GATA
site-dependent promoters in transfection studies. We compared
the ability of the NF-tail, the CF-tail, and the double mutant to
activate transcription from either a promoter containing a sin-
gle GATA site (Fig. 8A) or a promoter containing six GATA
sites (Fig. 8B). In both cases, all mutations reduced the ability
of GATA-1 to activate transcription, and the double mutation,
which most significantly interferes with self-association, had
the most dramatic effect. Interestingly, the mutations had a
somewhat greater effect on transactivation of the promoter
containing six GATA sites. This result indicates that different
promoters may have different requirements for assemblies of
GATA factors in vivo.
FIG. 7. Gel retardation assay showing the effect of mutations
in the NF- and CF-tail subdomains on dimer formation. An anti-
GATA-1 monoclonal antibody has been added in the last lane and
supershifts both the monomer and dimer band but does not affect the
nonspecific complex marked by an asterisk.
FIG. 8. Mutations that impair self-association reduce the abil-
ity of GATA-1 to activate transcription. Transactivation of a
growth hormone reporter gene driven by a promoter containing a single
GATA site (A) and of a similar reporter driven by a promoter containing
six GATA sites (B). The amounts of GATA-1 expression plasmid are
shown. Open circles, results obtained with normal GATA-1; closed
squares, the effect of GATA-1 carrying the N-tail mutation; open
squares, GATA-1 with the C-tail mutation; closed circles, GATA-1 with
both N-tail and C-tail mutations.
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DISCUSSION
Recently, considerable attention has been focused on inter-
actions between transcription factors. In the case of GATA-
family members, interest has centered on the double zinc finger
domain, which, in addition to its recognized role in DNA bind-
ing, is now known to interact with a number of other proteins.
The NFs of GATA family proteins are of particular interest as
multifunctional protein domains. The NF of GATA-1, for in-
stance, has been shown to stabilize DNA binding (15), to alter
the specificity of binding (19, 21), and to mediate the formation
of complexes with Fog, Sp1, EKLF, and GATA-1 itself (22, 23,
26). The NF of GATA-3 has been implicated in both transacti-
vation and nuclear localization (39). The recent discovery of a
splice variant of the liver/endoderm GATA factor, GATA-5,
which is missing the NF (40), further suggests that this finger
plays a distinct role in GATA protein function. Similar differ-
ential splicing of the zinc finger domain of a Bombyx mori
GATA factor to yield one- and two-finger proteins also suggests
that its NF has some special function (41). Moreover, the func-
tional importance of the NF domain has been directly demon-
strated by specific disruption of this structure in in vivo sys-
tems. Deletion of the NF of GATA-1 renders the transcription
factor unable to drive erythroid maturation (17). Also, a num-
ber of well characterized Drosophila mutants, termed Pannier
mutants, have been analyzed, and the causative mutations
have been mapped to the region encoding the NF of a Drosoph-
ila GATA factor (42). Finally, a GATA-3 mutation that specif-
ically disrupts the basic stretch in the critical NF tail of
GATA-3 has been shown to create a dominant negative protein
that interferes with the activity of normal GATA-3 in T cells
(43).
As a first step toward understanding the various roles of this
domain, we have expressed and purified the NF domain of
murine GATA-1, analyzed its metal-dependent folding proper-
ties, and tested its role in mediating GATA–GATA interactions.
Purified recombinant NF produced in bacteria is highly soluble
and appears to fold readily by coordinating zinc, as judged by
UV-vis, CD spectropolarimetry, and NMR spectroscopy. The
purified domain coordinates zinc by means of four cysteine
residues oriented in a tetrahedral array. The appearance of the
CD spectrum is indicative of a mixture of a and b secondary
structure, suggesting that, as predicted (16), the overall topol-
ogy of the NF resembles that of the CF of GATA-1.
Consistent with previous results, we were able to show that
the NF could interact with full-length GATA-1. Importantly,
we showed that pure recombinant NF was capable of interact-
ing with bacterially produced GATA-1. Thus, unlike the inter-
action between GATA-1 and Tal/SCL, which involves the red
cell bridging proteins RBTN2/Lmo2 and Ldb1 (44), the GATA–
GATA interaction is direct. We are currently using NMR spec-
troscopy to uncover the precise molecular details of these fin-
ger-finger interactions, but the results presented here provide
important preliminary information regarding the general to-
pology of the interaction. One critical portion of the NF lies
immediately downstream of the zinc-binding region and con-
sists of only 25 residues (Leu224—Ala254), with residues 244–
254 clearly playing an important role. This subdomain contains
an Asn-Arg-Pro-Leu motif followed by a number of basic resi-
dues. Our results suggest that this tail subdomain makes di-
rect contacts with the core CF zinc-binding domain and that a
similar “Asn-Arg-Pro-Leu 1 basic” subdomain downstream of
the CF interacts with the zinc-binding core of the NF. Specific
mutagenesis of the two subdomains revealed that both were
involved in the dimerization of GATA-1, and only when both
were disrupted was the self-association strongly inhibited. In
this way, we propose that GATA-1 dimers could be held to-
gether by an antiparallel NF-CF, CF-NF arrangement, and
only when both interfaces are impaired is self-association ab-
rogated. In this model, the NF-tail of one GATA-1 molecule
interacts with the CF zinc-binding core of a second GATA-1
molecule, while the CF-tail of the first molecule contacts the
NF zinc-binding core of the second. The data provided here,
together with previous work (26), suggest that either tail region
is capable of mediating interaction with full-length GATA-1
even in the absence of its adjoining finger. While it is possible
that the tail adopts a fully folded structure in isolation, it is
perhaps more likely that it is rather flexible and that secondary
structure is induced only when the tail contacts a second GATA
molecule.
It is interesting to compare these results with previous work
centered on the CF. It has been shown that, like the NF, the CF
is also able to interact with GATA-1 (26). Unexpectedly, at-
tempts to map the relevant subdomains within the CF revealed
the presence of two distinct, overlapping domains. One subdo-
main, CF278–317, appears analogous to the tail subdomain we
have identified in the NF in that it too lies immediately down-
stream of the zinc-binding region and contains an Asn-Arg-Pro-
Leu motif followed by a short basic stretch. The second subdo-
main centers around the actual zinc-binding region of the CF.
This result may be understood in light of our present model of
an antiparallel association where the two subdomains of the
CF interact with different regions of GATA-1; viz. the CF-tail
may interact with the NF, while the CF contacts the NF-tail.
Consistent with this, the disruption of both intermolecular
interactions is required to abolish dimerization, while the mu-
tation of a single contact region reduces the interaction affinity
to a lesser degree.
The demonstration that the NF interacts directly with CF
raises the question of whether it is able to make intra- as well
as intermolecular contacts. In the experiments described here,
intermolecular contacts must be involved, but intramolecular
contacts may also play an important role in GATA-1 function
and cannot be ruled out. It has recently been suggested that at
double WGATAR sites in DNA the NF can adopt different
orientations relative to the CF depending on the polarity of the
two WGATAR motifs (21). It is thus possible that intramolec-
ular interactions influence the positioning of the two fingers
and play a significant role in determining the affinity of
GATA-1 for this important subset of WGATAR sites. It appears
from the gel shift experiments that only a small proportion of
GATA-1 molecules are found as dimers, and it is possible that
intramolecular contacts may predominate over intermolecular
contacts in vivo at least in some circumstances. It will be
interesting to investigate whether the proportion of GATA-1
molecules found in association varies at different binding sites
or is influenced by post-translational modifications.
The exact biological role of GATA-1 self-association is not
certain, but there are a number of appealing possibilities. The
most simple effect of self-association is to increase the local
concentration of GATA-1 and presumably therefore to increase
its potency as a transcriptional activator. Self-association may
not, indeed, be limited to the formation of dimers, and it is
possible that, like Sp1, GATA proteins can aggregate to form
higher order multimers and superactivate promoters (45–47).
Indeed, confocal immunofluorescence studies of erythroid cells
reveal that large assemblies of GATA-1 exist in the nucleus in
vivo, although the function of these aggregates is not clear (27).
Mutations that impaired the ability of GATA-1 to self-associate
also reduced its ability to activate transcription, suggesting
that proper assembly of a number of GATA-1 molecules at a
promoter is required for full transactivation. It is notable that
many erythroid promoters contain multiple GATA sites, and it
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may be that GATA-1 self-association is involved in the ordered
assembly of higher order complexes at these promoters. Addi-
tionally, self-association between molecules of GATA-1 bound
at distant sites may mediate the formation of chromatin loops
and the establishment of regions of active chromatin. It is of
note that the communication between the bacterial NtrC en-
hancer and promoter is mediated by dimerization and subse-
quent multimerization of the NtrC protein (48). It is likely that
looped domains in eukaryotic chromatin are also facilitated at
least in part by the interaction of DNA-bound transcription
factors. Finally, it is notable that numerous erythroid promot-
ers and enhancers contain multiple GATA elements, and it
may be that the self-association of GATA-1 plays a specific role
in regulating this subset of genes.
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